Abstract Gender-specific differences in longevity are reported across species and are mediated by mechanisms not entirely understood. In C57Bl/6 mice, commonly used in aging research, males typically outlive females. Since in these animals modest but prolonged reduction of core body (Tc) increased life span, we hypothesized that differential Tc may contribute to sex-specific longevity. Here, we compared the circadian profiles of Tc and locomotor activity (LMA) of male and female C57Bl/6 mice. Since Tc and LMA normally change with age, measurements were carried out in young (3 months) as well as in old (24 months) mice. In young females, Tc was influenced by estrous but was overall higher than in males. This difference was larger in old animals after age eliminated the variations associated with estrous. Although temperature homeostasis is regulated centrally by the sexually dimorphic hypothalamic preoptic area, these differences were uniquely dependent on the gonads. In fact, bilateral gonadectomy abolished the effects of estrous and increased resting Tc in males eliminating all sexspecific differences in Tc and LMA. These effects were only partially mimicked by hormonal replacement as Tc was affected by progesterone and to a lesser extent by estrogen but not by testosterone. Thus, gonadal-dependent modulation of Tc may be one of the physiological parameters contributing to gender-specific differences in longevity.
Introduction
Temperature reduction prolongs lifespan and retards aging poikilotherms (Liu and Walford 1966; Conti et al. 2006) . In homeotherms, core body temperature (Tc) correlates directly with calorie intake and inversely with longevity as Tc is reduced during dietary restriction and is elevated during feeding Johnson 2004, 2007; van Baak 2008) . It was eventually shown that a modest (0.5°C) but prolonged reduction of Tc increased median life expectancy in mice independently of calorie restriction (Conti et al. 2006) . This suggested that Tc might contribute to longevity and aging in homeotherms as an independent physiological variable and showed that over time, even small changes in Tc can have a significant impact on biological functions. Studies investigating the contribution of Tc to longevity in homeotherms remain few in number. Among the difficulties is the fact that Tc is subject to considerable variation (for a comprehensive review of temperature regulation in rodents see Gordon 1993) . For instance, in mice, Tc follows a typical circadian profile with difference of up to 2°C between the light and the dark part of the day when the animals are resting or active, respectively. In addition, the circadian profile of Tc can be modulated differently by several environmental or physiological factors that must be taken into account, particularly when investigating modest differences. These include ambient temperature, humidity, food availability, locomotor activity (LMA), sex, as well as age that affects temperature stability to an extent that can reliably predict approaching death (Reynolds et al. 1985) .
Differences in life span between males and females are reported across several species. In mice, the majority of the longevity and aging studies reported that males outlived females (Brown-Borg et al. 1996; Turturro et al. 1999; Coschigano et al. 2000 Coschigano et al. , 2003 Flurkey et al. 2001 Flurkey et al. , 2002 Holzenberger et al. 2003; Kurosu et al. 2005; Schriner et al. 2005; Ali et al. 2006; Conti et al. 2006; Selman et al. 2008; Ladiges et al. 2009 ). Differences between sexes were also reported in several genetic mouse models of longevity in which life span increase was typically larger in females (Brown-Borg et al. 1996; Flurkey et al. 2001 Flurkey et al. , 2002 Coschigano et al. 2003; Holzenberger et al. 2003; Kurosu et al. 2005; Schriner et al. 2005; Conti et al. 2006; Selman et al. 2008; Ladiges et al. 2009 ). Several mechanisms have been proposed to explain these differences. They include asymmetric inheritance of sex chromosomes, maternal effects, exposure to different environmental factors, reduced free oxidative damage, and differences in physiology (Ali et al. 2006; Tower and Arbeitman 2009) . Tc was never evaluated as a possible contributor.
Here, we investigated the effects of age on Tc and LMA in the C57Bl/6 mice commonly used in aging studies. Recording was carried out continuously by radiotelemety over several days in controlled constant environmental conditions on young adults (3 months old) and old (24 months old) male and female animals. The sex-specific differences were also investigated in mice that were subject to gonadectomy, sham operation, or hormonal replacement.
The findings describe how age and gender affect Tc and suggest that Tc may be one of the variables contributing to gender-specific differences in longevity. They also provide a reference for investigating the contribution of Tc to longevity and aging in mice.
Methods

Animals and surgeries
All procedures were approved by the IACUC of The Scripps Research Institute. Young (∼3 months old) and old (∼24 months old) C57Bl/6 female and male mice were used for all experiments. Animals were housed singly with "Aspen" Sani Chip Bedding (Harlan) and kept at 25°C, 30% humidity, and light/ dark cycle of 12:12 h with lights on at 6:00AM defined as a zeitgeber time 0 (ZT0). Food (11% fat Harlan Teklad 7004) and water were ad libitum.
For all surgical procedures, animals were anesthetized with isoflurane (induction 4-5%, maintenance 1-1.5%) and were maintained on a warm heating pad during recovery and allowed to recover in a clean/no bedded cage.
For telemetry, radiotelemetric transmitters sterilized in quatracide (TA10TA-F20, Data Sciences, Inc, St Paul MN; size: approximately 20×10×7 mm, weight ∼3.4 g) were implanted in the peritoneum as previously described (Conti et al. 2006) . Briefly, an incision was made along the abdominal midline, and the sterile transmitter was placed in the abdominal cavity. The anterior wall was sutured with absorbable coated vicryl 5-0, and the skin was sutured with vicryl rapide, a rapidly absorbed, synthetic, braided suture which elicits lower tissue reaction. The transmitters were kept off until the beginning of experiments. For recording, single-caged animals were positioned on single telemetric receivers (RPC-1, Data Sciences, Inc, St Paul, MN, USA). Animals were allowed to recover for 10 days before data were collected. The transmitters were activated 24 h prior to recording, and data were collected every 5 min.
Castration was performed as previously described (Carandente et al. 1982; Paul et al. 2006) . Briefly, the anesthetized animal was placed in dorsal recumbency, and the scrotal area was carefully shaved. Prior to draping the site, sterile gauze was placed over the incision site. A small (approx. 1 cm) midline incision was made in the scrotum and subsequently through the tunica. The testicle was exteriorized and a clamp was placed across the spermatic vessels, which was ligated and cut across the top, enabling removal of the testicle. The ligated vessels were allowed to pass back through the tunica incision subsequently closed with one or two simple interrupted 5-0 sutures. The procedure was repeated for removal of the second testicle.
Ovariectomy was performed as previously described (Carandente et al. 1982; Paul et al. 2006) . Briefly, the anesthetized animal was placed in ventral recumbency, and the mid-dorsal region was carefully shaved. A small (approx. 0.5 cm) lateral incision was made through the skin of the back of the mouse in the mid-lumbar region. The skin was slid from side to side to locate the position of the ovaries beneath the peritoneal wall. While holding the abdominal wall up, a small incision was made in the abdominal wall over the ovarian fat pad and the ovary exteriorized. The ligaments were carefully torn to release the ovary. A clamp was placed across the tip of the uterine horn, and a ligature was placed just underneath the tip of the uterine horn. The ovary/oviduct was removed by cutting above the ligature. The uterine horn was repositioned into the body cavity. The abdominal wall was closed with one or two simple interrupted sutures. This procedure was repeated for removal of the second ovary. The skin incision was closed with vicryl rapide suture.
For hormone replacement, commercially available sterile slow release pellets were purchased from Innovative Research of America (Sarasota, FL, USA): 17β-estradiol (0.5 mg/21 days), 5α-dihydrotestosterone (5 mg/21 days), and progesterone (10 mg/21 days). Pellets or their correspondent placebo were implanted subcutaneously as previously described (Conti 2000; Sugama et al. 2000) . Briefly, an incision was made along the dorsal midline immediately posterior to the scapulae, just large enough to allow passage of the device. The sterile pellet was placed under the skin in the subcutaneous region. Absorbable sutures were used to close the dorsal incision, and the skin was closed with non-absorbable sutures. In order to minimize the incidence of infection, topical antibiotic treatments (Bacitracin Zinc Ointment) were applied after completion of surgical procedures.
Hormones measurement
Plasma estradiol, testosterone, and progesterone analysis were measured on plasma using 17-β-estradiol (IBL America IB79103), progesterone (IBL America IB79105), and testosterone (IBL America IB79106) ELISA kit, respectively, following the manufacturer's instructions. Measurements were carried out in a single assay for each hormone. Inter-assay coefficient of variation was 1.58% for testosterone, 9.43% for progesterone, and 3.78% for 17-beta-estradiol.
Estrous cycle determination
Estrous cycle was determined by measuring the level of circulating hormones and by histological analysis of vaginal smear by lavage performed in the first 3 h of the dark cycle using a modified version of the procedure described by Goldman et al. (2007) . Since telemetric recording is performed for 10 s every 5 min, to eliminate disturbance in the Tc profile (Supplemental Figure 1 ), samples were collected within 15 s immediately after the end of one recording point, allowing more than 4 min recovery time before the next telemetric recording. Briefly, the mouse was gently raised holding it by its tail and the vagina was flushed with 5 μl of sterile saline using a smooth and tapered micropipette tip. The possibility that the treatment was followed by induced pseudopregnancy induced by cervical stimulation was monitored by telemetry as it would mimic persistent diestrus. Collected samples were placed on a slide and were evaluated immediately, then fixed, dried, and stained for storage and subsequent examination using a standard laboratory light microscope with a ×100 total magnification. Cytology was used to define cycle stage as described by Dalal et al. (2001) , and stage assignment was based on classification of cells and relative abundance of each cell type (percentage of parabasal, intermediate, cornified, and neutrophils). Proestrus is the presence of nucleated and cornified epithelial cells with some polymorphonuclear lymphocytes (PMNs) in the early stage (>25% basal epithelial cells, <10% neutrophils). Estrous is the cornified epithelial cells predominated with only few nucleated cells seen in the early stage (>50% superficial epithelial cells, zero neutrophils, and anucleated cornified cells). Metestrus is the cornified epithelial cells and PMNs predominated, with some nucleated epithelial cells. Diestrus is the cells that consisted primarily of PMNs with some epithelial cells (>50% neutrophils).
Data analysis
To determine the presence of statistically significant rhythmicity in the data set for each animal, the X 2 periodogram procedure was used (Sokolove and Bushell 1978) , and a numerical index of the robustness of a rhythm, QP, was obtained (Refinetti 2003 ) using a software program to calculate the circadian period (plus mean, amplitude, and acrophase) by the cosinor method provided by Dr. Roberto Refinetti. The QP statistic was calculated for each individual using the 5 days of data (1,440 data points). For data sets of this size, a perfect wave (such as a mathematically generated cosine wave) produces a QP value of 1,440. Three other parameters of the rhythms were analyzed: mean level, amplitude, and acrophase (i.e., the time of the daily peak). The mean level of the rhythms was computed as the arithmetic mean of the 288 daily measurements (at 0.083 h intervals) for each individual. The mean for each animal over the 5 days was then calculated. Likewise, the range of excursion was computed as the difference between the highest and the lowest temperature each day for each individual, and the mean for each animal was calculated. The acrophase of the rhythm was calculated by the method of the single cosinor for each day for each animal, and the mean for each animal was then computed. Statistical analysis was performed by t test. Additional statistical analysis involved comparison of group means by analysis of variance, post hoc pairwise comparisons by Tukey's HSD test, and computation of correlation coefficients by the principle of the least squares (Refinetti 2003) and significances determined at P<0.05.
Results
Young males vs young females
Comparative analysis of the recording of Tc and LMA in male and female C57Bl/6 mice over 5 days demonstrated the existence of sex-specific differences. Analysis was carried out on n=6 per group. Since no difference between naive animals or animals subject to sham operation for the gonadectomy experiments was observed (not shown), data are reported for sham-operated animals. The average profile for each sex is presented in Fig. 1 , and cosinor analysis is reported in Table 1 .
For female mice, Tc and LMA showed a pattern that was affected by the estrous cycle (Fig. 1A , Table 1 ). Estrous cycle phases were determined by histological examination of vaginal pap smears (not shown) as well as circulating hormone levels (see below). We first determined the estrous day, then calculated retrogradely and anterogradely the days of proestrus, metestrus, and diestrus. Animals were not synchronized, and alignment of their Tc profiles was performed after individual vaginal and hormonal determination of each phase.
For male mice, Tc and LMA showed a consistent and reproducible pattern with a dark phase characterized by a biphasic profile of Tc and LMA (Fig. 1B , Table 1 ). Compared with males, female mice had (1) elevated Tc (0.2-0.5°C higher) and LMA (30% higher); (2) sustained LMA and Tc during the dark part at estrus, transforming the typical biphasic profile into monophasic; (3) higher LMA at proestrus and estrus.
Effects of age
Females
Comparison of Tc and LMA between 3-(n=6) and 24-month (n=6) females revealed that old females do not display the changes specific to each estrous phase observed in young animals but have a highly reproducible circadian profile, similar to that of ovariectomized young females (see below) ( Fig. 2 A, A' ). Histological and hormonal analysis confirmed that old females used in this study did not have estrous cycle (not shown). Like in old males, in females age was associated with a reduction of the rate of Tc increase at dark onset: old females increased their Tc from 36.6 ± 0.09°C to 37.7 ± 0.11°C in ∼4 h at a rate of 0.04°C/min, or 0.25°C/ h, approximately four times the rate observed in young females with maximal Tc reached with approximately 3 h (3 h and 20 min) delay. This was associated with a delay in the onset of LMA at dark and with an overall reduction of its value (approximately three orders of magnitude) compared with young animals. Average maximal temperature was however only marginally different between young (37.8±0.1°C) and old (37.7±0.1°C) female mice.
Older females also had increased Tc (about 0.5°C higher than young naive animals) during the first half of the light phase.
Males
Comparison of Tc and LMA between 3-(n=6) and 24-month (n=6) males revealed significant differences during the dark/active phase (Fig. 2, Table 1 ). In old mice, the phases of Tc increased after dark onset from 35.9±0.06°C to 37.5±0.11°C in ∼4 h at a rate of 0.06°C/min, or 0.37°C/h, approximately three times slower than in young mice. During the dark part of day, Tc in old mice maintained a biphasic profile, but the two maximal peaks of Tc at end of approximately 0.5°C are lower than in young individuals (p<0.05). In addition, due to delayed onset and to the reduction in the rate of Tc, the first peak of Tc in old mice was delayed approximately 3 h (3 h and 15 min) compared with young animals. LMA during the first 2 h of dark onset increased only marginally from the resting phase in old mice (1.8± 0.1 counts/5 min) to 2.8±0.5 counts/5 min and subsequently increased with a rate approximately four times slower than that of young animals to a maximum of 9.3±1.5 counts/min, approximately half of the value reached by young mice. The second peak of activity was not delayed but was fourfold lower than that of young mice. Consequently, aging effectively influenced the circadian profile of Tc and LMA by reducing mesor, amplitude, and acrophase in LMA while reducing amplitude and increasing achrophase of Tc (Table 1) . No significant differences in either Tc or LMA of young and old mice were recorded during the light/inactive part of day or during the transition phases of Tc reduction.
Old males vs old females
Comparison of 24-month-old female (n=6) and male (n=6) mice demonstrated that the two sexes maintain similar circadian profiles, but resting Tc was 0.6± 0.01°C higher than in males (p<0.01) (Fig. 3 C, C' , Table 1 ). During the dark/active part of day, old males and females had similar Tc, except for the value of the second maximal peak that was 0.3°C higher in females. No statistically significant changes were observed in LMA throughout 24 h of recording.
Effects of gonadectomy
Tc and LMA were investigated in male and female mice subject to gonadectomy or to sham operation (n=5 to 7 
Males
Bilateral castration reduced the levels of testosterone compared in male mice (15.1±1.4 pg/ml vs 9.8±1.03, t test *p<0.05 in sham-operated vs castrated, respectively) and resulted in 0.5-0.7°C elevation of Tc exclusively at rest. The amplitude of the LMA remained unchanged. These changes resulted in increased mesor and decreases in amplitude without change in acrophase (Table 1) . Eventually, Tc and LMA profiles after gonadectomy did not differ substantially except in the value of highest Tc reached at dark onset that was 0.32°C higher in males ( Fig. 3 C, C' ).
Discussion
Comparison of Tc and LMA profiles across sexes is particularly difficult in young mice because in females they vary with days of estrous cycle (Weinert GNDX gonadectomy, F female, M male 1994; Weinert et al. 2004 ). This becomes evident when comparing the recordings of Tc of both sexes over several days. The two profiles partially overlap, indicating that proper comparative Tc measurement depends on time of day and on day of recording. However, Tc was overall higher in female mice. This difference, previously reported in young mice (Yang et al. 2007) , was found here to be also present and increased in old animals at rest. This suggests that female mice may have a higher Tc than males throughout the adult lifetime, an observation that is important when considering the possible effects of reduced Tc on lifespan. However, it should be noted that previous colonic temperature measurements indicate that middle age C57Bl/6J mice may experience transient body temperature disturbances (Talan and Engel 1986 ), a variable that was not assessed in our study. Apart from this important difference on resting Tc, the other effects of age on LMA and Tc were similar in both sexes. Compared with young, old animals showed reduced LMA, delayed onset, and lowered rate of LMA and Tc increased at dark affecting primarily circadian rhythmicity, significantly reducing their amplitude. These findings were consistent with measurements in mice previously reported where it was demonstrate that the effects of age on Tc were primarily due to reduced LMA (Weinert 2010) . However, they differ from what was recently reported in rats where it was reported that 24-month-old animals had elevated daytime Tc without differences in LMA compared with younger rats (Gordon 2008) . In addition, although it was reported that circadian rhythm of old organisms is mostly phase-advanced (Weinert 2010) , in this study, male and female mice initiate their LMA later compared with young individuals. Temperature homeostasis is essentially maintained by regulating heat generation and heat dissipation. In homeotherms, including humans and mice, this vital property is regulated centrally, by specific brain regions and neurons Nakamura and Morrison 2008) . These include the preoptic area (POA) of the hypothalamus, a region where a network comprising warm as well as cold sensitive and temperature insensitive neurons contribute to the regulation of temperature homeostasis (Hammel 1965; Hori et al. 1999; Griffin et al. 2001; Abe et al. 2003; Tabarean 2005; Boulant 2006) . Since the POA is a sexually dimorphic region, we investigated whether Tc differences could still be observed following surgical castration. As expected, bilateral ovariectomy eliminated the estrous-associated variations in females, reducing LMA and Tc at dark and increasing Tc at rest. Resting Tc was also elevated in males after bilateral castration to a level equal to that of ovariectomized females. As a result, gender- (C, C') Comparison of Tc and LMA profile in males and females after bilateral gonadectomy (n=6, 6; *p<0.05). Statistically significant differences are indicated with stars specific differences in Tc and LMA were virtually eliminated, and the only statistically significant difference remained in the maximal Tc value that reached at dark. To the best of our knowledge, this is the first demonstration that bilateral ovariectomy eliminated sex-specific differences in Tc and LMA. The findings show that temperature homeostasis is modulated centrally by similar mechanisms in both sexes and that sexual dimorphism of POA does not contribute to gender-specific differences in Tc in the absence of gonads. It also demonstrates that gonads can exert a reversible rather than a permanent influence on Tc, and suggests that age-related changes in gonadal functions can influence temperature homeostasis in a fashion that can be different in males and females. In fact, the increase of Tc difference between sexes observed in old mice can be attributed to the fact that age mimicked the effects of gonadectomy in female mice but not in males.
Sex hormones were proposed to influence Tc by direct action on the POA neurons (Crews et al. 1996; Coomber et al. 1997; Kruijver and Swaab 2002) . Receptors for progesterone, testosterone, and estrogens were all found expressed in POA, where their ligands act preferentially, but not exclusively, on temperature-sensitive neurons (Silva and Boulant 1986; Tsai et al. 1988 Tsai et al. , 1992 . However, only the effects of progesterone on basal Tc are believed to be centrally mediated, whereas estrogen and testosterone are proposed to participate in thermoregulatory response to changes in environmental temperature (Brown et al. 1970; Marrone et al. 1976; Fregly et al. 1979; Gangwar 1982) . This is consistent with our findings that only progesterone, and to a much lesser extent 17β-estradiol, affected Tc. Instead, the effects of castration on resting Tc could not be eliminated with testosterone, suggesting the possibility that these may be modulated by other not yet identified testicular hormones.
Studies on the effects of gonads on longevity and aging found that castration was associated with a reduction of median life span of male rats (Drori and Folman 1986) . In female mice, ovariectomy slightly reduced mean life span, and transplantation of young ovaries partially restored reproductive cycling and prolonged longevity in both post-pubertally gonadectomized, as well as in sham-operated animals (Mobbs et al. 1984; Cargill et al. 2003; Mason et al. 2009 ). These changes were not ascribed to changes in Tc, but were proposed to be due to the cardiovascular effects of estrogen and testosterone (Nieschlag et al. 1993; Silberberg and Magleby 1999) , or by the estrogen dependent reduction of free radicals production (Vina et al. 2005a (Vina et al. , 2005b Ali et al. 2006 ). We and others showed that male C57Bl/6 mice typically outlive females (Brown-Borg et al. 1996; Turturro et al. 1999; Coschigano et al. 2000 Coschigano et al. , 2003 Flurkey et al. 2001; Flurkey et al. 2002; Holzenberger et al. 2003; Kurosu et al. 2005; Schriner et al. 2005; Ali et al. 2006; Conti et al. 2006; Selman et al. 2008; Ladiges et al. 2009 ). In our previous work with C57Bl/6 mice housed in the exact same conditions of ambient temperature, humidity, light/dark cycle, and diet used in this study, females had ∼20% lower median life expectancy than males (Conti et al. 2006) (Supplemental Figure 3) . Here, we found an inverse correlation between Tc and longevity across genders. We also showed that sexspecific differences in Tc are dependent on gonads and are regulated differently by age in male and female mice. This association suggests that gonadaldependent modulation of Tc may be one of the physiological parameters contributing to genderspecific differences in longevity.
